. SEM micrograph of the D-steel coiled at 450°C.
Introduction
Steels, which are most widely and intensively used among metals, generate a large amount of scraps. Since they have a wide variety of alloying elements and composition scopes according to the application areas and purposes, it is quite difficult to collect and classify the scraps when recycling. In order to solve environmental problems and to effectively utilize resources, it is required to develop environmentally conscious steels having excellent recyclability. 1) This can be achieved by alloy design of new-concept and heat-treatment. Such environmentally conscious steels should have a variety of properties to maximize the recyclability. For the post-treatments such as collection, classification, remelting, and refining of scraps, their alloying composition should be as simple as possible.
In the refining process, which is very important in recycling of steel scraps, there are certain elements which are retained and accumulated in the steel, called tramp elements since it can be hard to eliminate them or control their composition.
2) Because these tramp elements are known to be detrimental to mechanical properties of steels, particularly to toughness, special attention is paid into the refining process to eliminate them. Among the tramp elements, however, there are some which are favorable for the improvement of mechanical properties. When they are positively utilized, new and advanced high-strength steels with excellent recyclability can be developed. Active research and development on such advanced environmental steels will greatly contribute to more effective recycling and conservation of resources, to solving environmental problems by lowering the cost for environmental preservation, and to replacing the existing steels.
Recently, C-Mn-Si TRIP (transformation induced plasticity) steels have been focused as new-concept highstrength steels, which have high strength and ductility as retained austenite is transformed into martensite during plastic deformation. [3] [4] [5] [6] [7] Because these steels have a simple alloy composition and can be subjected to various heat-treatments, they are very appropriate for the environmentally conscious steels. Recent studies on the hot-rolled C-Mn-Si TRIP-aided steels report that the scope of the chemical composition showing an excellent strength-elongation balance is 1.5 wt% Mn and 1.5-2.0 wt% Si in the case of the 0.2 wt% C. 8, 9) Copper, a representative tramp element, 2) is known to be a typical element causing hot brittleness. However, when a small amount of Cu is added, additional precipitation strengthening can be achieved since very fine e-Cu particles are precipitated. 10) In the present study, four hot-rolled steel plates were fabricated with additions of representative tramp elements of Cr, Ni, and Cu to a basic alloy steel having a chemical composition of 0.2C-1.5Mn-1.5Si-0.5Cu (hereinafter all compositions are described in weight percent). After they were In this study, four kinds of high-strength hot-rolled steel plates were fabricated with additions of tramp elements of Cr and Ni to a basic C-Mn-Si-Cu steel, and their microstructures and mechanical properties were investigated to analyze the effects of coiling temperature and tramp elements. When the steels were coiled at 400°C, their volume fraction of retained austenite was lower than the case of coiling at 450°C. The steels containing Cr individually or together with Ni had the volume fraction of retained austenite above 10 %, but showed the characteristics of dual phase steels having high tensile strength and low elongation as a large amount of austenite was transformed to martensite during cooling. In the case of coiling at 450°C, both elongation and strength-elongation balance were increased owing to the increase in the fraction of retained austenite and the transformation induced plasticity (TRIP) effect. The addition of Ni resulted in a great increase in the fraction of retained austenite at the higher coiling temperature, thereby improving tensile strength and elongation.
hot rolled and subjected to the coiling simulation treatment in the bainite transformation region, their microstructures and mechanical properties were investigated to analyze the effects of coiling temperature and tramp elements. Findings from these analyses are expected to provide basic data for the development of high-strength hot-rolled steel plates having simple composition and excellent recyclability by positively making use of tramp elements.
Experimental Procedures
Three kinds of steels which have additions of 0.4 wt% of Cr and Ni each, either each separately or together, to the basic composition were designed. Steel ingots were induction melted using pure iron and ferro-alloys such as Fe-Mn and Fe-Si, and were aluminum-killed. The chemical composition of each steel ingot is provided in Table 1 . For convenience, the four steels including the one with the basic composition are to be referred to as 'A', 'B', 'C', and 'D' steels.
The steel ingots were austenitized at 1 200°C for 3 h under argon atmosphere, and were rough-rolled into slabs of 25 mm in thickness. The slabs were rolled into plates with final thickness of 3 mm under the conditions of a start rolling temperature of 1 000°C and a finish rolling temperature of 800°C, and then water-quenched down to 430°C or 470°C. The plates were subjected to the coiling simulation treatment for 30 min at coiling temperatures (hereinafter referred to as 'CT') of 400°C and 450°C, and air-cooled down to room temperature. The schematic illustration of hot rolling process is shown in Fig. 1 . The finish rolling temperature and CT were determined in consideration of A C1 , A C3 , and martensite start temperature (Ms) calculated from Andrew's equation 11) as listed in Table 2 . From the hot-rolled steel plates, tensile specimens with a gage length of 25.4 mm and a gage width of 6.3 mm were machined in parallel to the rolling direction. Tensile properties, i.e. yield strength, tensile strength, and elongation, were measured at a crosshead speed of 2 mm/min at room temperature using a tensile tester. For the yield strength, a lower yield point was adopted in the case of yield-point phenomenon, while 0.2% offset value was adopted in the case of continuous yielding.
Microstructures of the steel plates were observed by an optical microscope after being etched in a nital solution.
Since the C-Mn-Si TRIP-aided steels have very complex microstructures including ferrite, bainite, martensite, and retained austenite, respective phases are not clearly identified. To identify each phase, a sodium metabisulfite solution (Na 2 S 2 O 3 · H 2 O 7 gϩH 2 O 100 ml) was also used because ferrite is displayed as gray, bainite and martensite as black, and retained austenite as white.
Volume fraction of retained austenite was measured by an X-ray diffractometer (XRD). Specimens were prepared by mechanically and chemically polishing the steel plates up to half of the thickness. Characteristic Mo-K a ray was used, and the volume fraction of retained austenite, V g , was calculated from the integrated intensities of ferrite and austenite peaks using the following equation:
where I g is an average integrated intensity obtained from {220} g and {311} g peaks, while I a is that obtained from {211} a peak.
Results

Microstructure of Hot-rolled Steel Plates
Figures 2(a) through 2(d) are optical micrographs of the four hot-rolled steel plates coiled at 400°C. All of the steels have very fine grains, although conventional low-carbon hot-rolled steel plates typically have grain sizes of 30-50 mm. Ferrite grain size of A-Steel is about 4-5 mm. In BSteel, it is about the same to that of A-Steel, but a band structure is also observed. That of C-Steel becomes smaller to 2-3 mm. In D-Steel where both Cr and Ni were added, the secondary phases of martensite or bainite as well as ferrite are too fine to distinguish from each other. As the Ms point of each steel is in the vicinity of CT (400°C) (see Table 2 ), the secondary phases of gray or black as observed in Figs. 2(a) through 2(d) are presumed to be either mostly martensite or a mixed structure of martensite and retained austenite, and bainitic regions are not clearly observed here. Pearlite is not supposed to be formed because of low CT. It is likely that the volume fraction of retained austenite in the steels coiled at 400°C is low. Figures 3(a) through 3(d) are optical micrographs of the steels coiled at 450°C. In A-Steel, the volume fraction of the secondary phases was reduced, although the ferrite grain size remains unchanged. In B-Steel, the band structure found at CT400°C is not found, and the secondary phases are distributed homogeneously. In C-and D-Steels, the bainitic region which was not visible at CT400°C is clearly visible. These results indicate that the steels coiled at 450°C, particularly C-and D-Steels, would have a considerably large amount of retained austenite.
Figures 4 and 5 show optical micrographs of the steels of Figs. 2 and 3 , respectively, when they are etched by a solution of sodium metabisulfite. The gray, black, and white parts are ferrite, bainite or martensite, and retained austenite, respectively. In the case of CT450°C, retained austenites are mostly aligned to the rolling direction in A-steel, and their fraction is small (less than 5%). A large fraction of retained austenites is distributed overall the microstructure of B-Steel, and it is relatively coarse, together with some encircled by ferrite grains. Some fine retained austenites are often observed to be isolated inside ferrite grains. In C-and D-Steels, the fraction of retained austenite is about the same as in B-Steel, and its size is about 1-3 mm.
Correlation between Mechanical Properties and
Fraction of Retained Austenite Figure 6 shows tensile stress-strain curves of the four steels coiled at 400°C. Their tensile behaviors are divided into two types, i.e. continuous yielding and yield point phenomenon. B-and D-Steels show the former, together with extremely high strain hardening at the initial homogeneous deformation stage. This is close to the behavior of a typical tensile curve of a low-carbon high-strength dual phase steel, characterized of continuous yielding, low yield ratio, and elongation of about 20%. Tensile behavior of B-and D-Steels confirms the transformation to a dual phase structure as a considerable amount of austenite has been trans- formed to martensite during cooling due to the Ms point being at around 400°C as described in the microstructures of Figs. 2(c) and 2(d). On the other hand, A-and C-Steels show a yield point phenomenon. This phenomenon can be explained in terms of interrupted dislocation movement due to interstitial solute atoms such as carbon or nitrogen in low-carbon steels. 14) Carbon or nitrogen atoms are easily diffused to dislocations, firmly pinning them. When dislocations escape from the atmosphere of solute atoms under higher stress, slip can occur and cause the yield point. On the tensile stress-strain curve, this phenomenon is typically featured of clearly visible yield points, both the upper and lower ones, and of a discontinuous stress reduction associated with the formation of Luders band. 14) Unlike this typical case, however, stress is maintained at almost the same level throughout the yielding in the tensile curves of Fig. 6 , despite some level of stress reduction observed prior to homogeneous deformation. Factors associated with the yield point phenomenon in TRIP steels seem to be correlated with the martensitic transformation of retained austenite at the initial deformation stage, but no detailed reports have been made yet. Tensile behaviors of the steels coiled at 450°C are similar to those of the steels coiled at 400°C. Figure 7 shows yield strength, tensile strength, elongation, and strength-elongation balance (tensile strengthϫ elongation) of the four steels. In terms of tensile strength, A-and C-Steels coiled at 450°C show an increase by roughly 70-100 MPa over the case of CT400°C, whereas B-and D-Steels show a decrease of about 50-60 MPa. However, at CT450°C, yield strength of the four steels increases over the case of CT400°C. A-, C-, and D-Steels show a very large increase in elongation, while B-Steel an increase of about 5%. Thus, the values of strength-elongation balance at CT400°C are low at 20 000-25 000 MPa · %, whereas those at CT450°C are quite high above 30 000 MPa · % in A-, C-, and D-Steels, followed by 27 000 MPa · % in B-Steel.
Such variations in mechanical properties of the four steels are related with the volume fraction of retained austenite. Figure 8 shows the fraction of retained austenite. At CT400°C, A-and C-Steels show fractions below 4%, but those of B-and D-Steels are high at 14% and 12%, respectively. This result indicates that at the lower CT, the addition of Cr alone or together with Ni is more favorable for the formation of retained austenite. However, a dual phase structure can be formed when austenite is transformed to martensite during cooling as described earlier, and the TRIP effect due to retained austenite is overridden by the strengthening effect of the dual phase structure, thereby lowering elongation and showing the tensile curves of Fig.  6 .
At CT450°C, the fraction of retained austenite of all the steels increases over the case of CT400°C. C-and D-Steels show a significant increase, whereas A-and B-Steels show a mild increase below 2%. This tendency in the austenite fraction is well consistent with elongation improvement. Among the three steels excluding A-Steel, the elongation improvement is small in B-Steel, while C-and D-Steels show a significant improvement in elongation of about 10%. Tensile strength of C-Steel also increases because of the strengthening by strain-induced transformed martensite as the low austenite fraction below 4% at CT400°C increases to over 18% at CT450°C. Tensile strength of B-and DSteels at CT450°C is reduced by about 50 MPa, but still maintains high over 1 000 MPa. On the other hand, A-Steel shows a rather different pattern from other steels. It shows the largest elongation increase (over 10% increase), together with some improvement in tensile strength, but its retained austenite fraction is only mildly increased by 1%. This indicates that the improvement in both strength and elongation is not associated with strain-induced transformation of retained austenite. Comparing Fig. 2(a) with Fig.  3(a) , it was found that the ferrite fraction increases by about 10% from 36% at CT400°C to 45% at CT450°C, whereas the fraction of secondary phases is reduced. Since CT450°C is higher than the Ms point by about 50°C, the martensitic formation is almost impossible during cooling; thus, the fraction of hard phases is expected to be reduced from the case of CT400°C. Consequently, the increase in elongation of A-Steel at CT450°C can be attributed to the fraction increase in ferrite which is a ductile phase, and the increase in tensile strength can be associated with the precipitation strengthening effect as fine e-Cu phase having face centered cubic structure is precipitated at this temperature. 10, 15) In this study also, the precipitation of very fine eCu was confirmed by using transmission and high resolution electron microscopy, and the details of precipitation behavior will be presented in another paper.
Discussion
Process parameters affecting microstructures and mechanical properties of hot-rolled TRIP steel plates are rolling ratio, rolling temperature, cooling pattern and rate, and coiling temperature. Among them, the most significant one is the coiling temperature. At CT400°C, the Ms point of all the four steels is around 400°C. In particular, B-and D-Steels show a typical tensile behavior of a dual phase steel having high tensile strength but low elongation as a considerable amount of austenite is transformed to martensite. In all the four steels, elongation is improved with increasing the fraction of retained austenite as CT rises. This finding shows that the Ms point can be an important standard when establishing the CT in hot rolling. Since retained austenite is formed when carbon is diffused from ferrite to non-transformed austenite in the middle of the transformation of austenite to bainite, it is important to set the CT within the temperature range wherein the bainitic transformation can actively proceed. Considering the temperature range to effectively induce the e-Cu precipitation, i.e. 400-500°C, 10, 15) and the Ms point, setting CT around 450°C seems appropriate. In order to develop high-strength hotrolled steel plates, it is required to systematically discuss on the process parameters, particularly on the effects of finish rolling temperature, cooling pattern up to coiling, coiling temperature and duration time, cooling process after coiling, on the microstructures and mechanical properties.
Chemical compositions also significantly affect the formation of retained austenite and the mechanical properties. Cr-containing B-and D-Steels coiled at 400°C (close to the Ms point) show relatively high fraction of retained austenite above 10% (Fig. 8) . According to the Fe-Cr phase diagram, 16) Cr, as a ferrite stabilizing element, already places in the ferrite stabilized area at 800°C when added by a small amount of 0.4% as in this study. When the ferrite formation from austenite actively proceeds, austenite stabilizing elements such as C and Mn, can be sufficiently dissolved in austenite. Some austenite is greatly stabilized, and the Ms of stabilized austenite itself can be lowered to below 400°C. Even when coiling is treated at around the Ms point, relatively higher fraction of retained austenite can be obtained. The Cr addition would be beneficial for the formation of retained austenite at low CT. However, it is unlikely to expect the improvement in elongation due to retained austenite, since the hardenability of austenite also increases and most austenite is transformed to martensite when the cooling rate after hot rolling or after coiling is considerably fast. Figure 9 is an SEM micrograph of D-steel coiled at 450°C confirming the existence of martensite, in which martensite is indicated as 'M' and retained austenite as 'A'. Distinguishing martensite from retained austenite in the SEM micrograph is possible by the surface appearance of both phases. That is, the martensite is consisted of many laths and the retained austenite looks rather smooth. It is necessary to prevent the martensitic transformation from austenite by slowing down the cooling rate. In this case, a large amount of quasi-stable austenite can be obtained at room temperature, and is expected to improve elongation as it is strain-induced transformed during plastic deformation. In the case of CT450°C, the increase in the fraction of retained austenite is small because the bainitic transformation is not actively on work as austenite is sufficiently stabilized during hot rolling. Ni-added C-Steel shows the largest increase in the austenite fraction with increasing CT in comparison with the other three steels. This is because Ni, an austenite stabilizing element, stabilizes austenite during coiling. At the higher CT, the addition of Ni is expected to work favorably for the elongation enhancement because of the formation of retained austenite, unlike in the case of the Cr addition.
Investigations were made into the microstructures and mechanical properties of high-strength hot-rolled steel plates containing tramp elements. The fraction of retained austenite increases when CT is higher than Ms by 50°C, which is accompanied with considerable improvement in elongation together with increased tensile strength, thereby greatly enhancing the strength-elongation balance. This is attributed to the fraction increase of retained austenite with increasing CT. When Ni is added individually or added together with Cr, higher fraction of retained austenite over 20% can be obtained, and thus elongation is quite improved. Therefore, it is confirmed that when the tramp elements are actively utilized instead of being eliminated during the refining process, hot-rolled steel plates having high strength and elongation can be manufactured successfully.
Conclusions
In the present study, four hot-rolled steel plates with additions of tramp elements such as Cu, Ni, and Cr to the basic composition of 0.2C-1.5Mn-1.5Si were fabricated, and their microstructures and mechanical properties were investigated to reach following conclusions.
1) When CT is low at around the Ms point of each steel, the fraction of retained austenite is low. Steels with additions of Cr individually or together with Ni have the fraction of retained austenite above 10%, but show the characteristics of dual phase steels, whereas when Cr is not added, a discontinuous yielding is observed.
2) At CT450°C, the fraction of retained austenite in all the steels increases. When compared with the case of CT400, tensile strength increases or maintains at the same level, whereas elongation improves to greatly enhance the strength-elongation balance.
3) It is confirmed that when Cr is added as a tramp element, it works favorably for the formation of retained austenite at low CT. However, because of the increased hardenability of austenite and the formation of a large amount of martensite, cooling rate after hot rolling or coiling should be set low. 4) As an austenite-stabilizing element, Ni works favorably for the formation of retained austenite, and increases the fraction of retained austenite at high CT, thereby improving both tensile strength and elongation.
